I. INTRODUCTION
Energetic materials are studied for their vital importance in propellants, pyrotechnics, explosives, and combustibles. Many different substances have been considered, theoretically and experimentally, in the search for novel high density energetic materials. Among them, pure solid nitrogen, characterized in a high density form by a unique network of single-bonded atoms, known as polymeric nitrogen, has drawn much interest. In principle, a great amount of chemical energy can be stored by transforming triple-bonded molecular nitrogen (954 kJ/mol) into single-bonded nitrogen atoms (160 kJ/mol), given the large energy difference between the two states. 1, 2 If nitrogen could be obtained in the three dimensional polymeric solid state configuration, the energy released when transitioning back to its energetically favourable diatomic state (N 2 ) would be nearly five times the energy released by conventional energetic materials. 2 In addition, polymeric nitrogen would be environmentally friendly as gaseous nitrogen would be the decomposition product. 3 With pure N 2 as a precursor, polymeric nitrogen was synthesized under extreme conditions (110 GPa and 2000 K). 4 Unfortunately, this dense state of nitrogen could not be recovered at ambient conditions. It has been shown to be metastable upon decompression down to 42 GPa but then reverts back to its diatomic form upon laser illumination. 4 Harnessing the energetic potential of high-density polymeric nitrogen requires a different approach.
Pathways to a stable single-bonded polymeric network at room conditions need to be studied. In that context, nitrogenrich molecular precursors, particularly ionic azides [5] [6] [7] [8] and carbon nitrides, 3, [9] [10] [11] [12] [13] have been extensively investigated under extreme conditions. Such compounds could form a metastable network comprising single-bonded nitrogen atoms which would have mainly N 2 as a decomposition product. Sodium azide (NaN 3 ) and tetracyanoethylene (TCNE, C 6 N 4 ) have both yielded a three dimensional single-bonded polymeric network, metastable down to <0.5 GPa and 10 GPa, respectively. 5, 9 Other nitrogen-rich molecular compounds show a potential for storing chemical energy. Among them, we have examined the case of another carbon nitride, namely, cyanuric triazide (CTA, C 3 N 12 ). CTA presents a high level of nitrogen content at 82% per atomic weight. First-principles theory simulations predict two high pressure phase transitions for cyanuric triazide 14 starting from the room condition phase, a hexagonal (P3) structure 15 (Figs. 1(a) and 1(b)). A first high pressure phase is expected to still be molecular 14 also with a hexagonal unit cell (P6), comprised of tri-tetrazole units ( Fig. 1(c) ). It is predicted to be energetically favoured starting from 8 GPa.
14 A second high pressure phase is numerically predicted to form a highly energetic polymeric network of single-bonded carbon-nitrogen atoms. This conformation is calculated to have the lowest enthalpy starting from 30 GPa and is shown to adopt a monoclinic unit cell (P2 1 ). 14 Besides their capacity to store chemical energy, dense carbon nitrides have other interesting properties. For instance, C-N networks are predicted theoretically to form structures even harder than diamond. 16, 17 This makes the study of novel carbon nitrides at extreme conditions even more appealing.
In this article, we present the study of CTA crystalline samples, isothermally compressed at 300 K in a diamond anvil cell (DAC) up to 63.2 GPa. Synchrotron powder x-ray diffraction, micro-Raman, and infrared spectroscopy allowed the observation and measurement of changes in unit cells and vibrational properties of CTA as a function of pressure. Based on all results, a structural phase transition was detected near 30 GPa. Furthermore, decompression studies from 40.5 GPa revealed a large hysteresis and persistence of the high density structure to lower pressures. Finally, in order to overcome a possible thermal barrier, laser heating was performed on two CTA samples, compressed at 37.7 GPa and 42.0 GPa. In both cases, decomposition of the CTA molecule occurred, leading to amorphous compounds.
II. EXPERIMENTAL METHOD

A. Sample synthesis
Cyanuric triazide was synthesized using a modified synthetic strategy first established by Ott and Ohse. 18 The product was prepared via metathesis by refluxing a 50 ml acetone solution of cyanuric chloride (C 3 Cl 3 N 3 , 0.5 mmol, 0.0915 g) and a suspension of sodium azide (NaN 3 , 1.5 mmol, 0.0975 g) for 48 h. After quickly cooling the mixture to ambient temperature, the solution was filtered to remove white solids which consisted of sodium chloride and a minimal amount of unreacted sodium azide. Crystallization was carried out by slow evaporation of the mother liquor at room temperature over a period of 24 h, yielding colorless crystals of CTA. Chemical integrity and purity were verified using NMR, Raman, and infrared spectroscopy. (Note: cyanuric triazide is an extremely shock sensitive energetic material and, consequently, should be handled with extreme caution and with appropriate protection in small quantities only.)
B. High pressure and sample preparation
CTA samples were loaded into a 100-150 μm diameter hole in a pre-indented rhenium gasket of a DAC, along with a ruby microsphere. The R 1 line from the ruby microsphere allows for precise (±0.03 GPa) in situ pressure measurements 19 while the width of the R 1 and R 2 doublet is an indicator of the hydrostaticity in the gasket cavity. 20 Type Ia diamond anvils with flat culets 300 μm in diameter were used in the case of x-ray diffraction experiments and microRaman spectroscopy. High density neon gas was loaded along with the sample as a pressure transmitting medium. X-ray diffraction was also carried out on samples without a pressure transmitting medium. For infrared spectroscopy studies, a thin flake of polycrystalline CTA was loaded on top of precompacted potassium bromide (KBr) in a DAC equipped with type IIa diamond anvils with flat culets 300 μm in diameter. KBr, transparent to mid-infrared radiation, served as a pressure transmitting medium as well as a reference medium for mid-infrared light transmission. Micro-Raman spectroscopy was performed on CTA single crystals while x-ray diffraction and mid-infrared spectroscopy were carried out on polycrystalline CTA. In all experiments, pressure was increased by small increments and recorded before and after each measurement.
C. X-ray diffraction
X-ray diffraction experiments were conducted at the Canadian Light Source (CLS). Angle-dispersive powder xray diffraction studies of CTA up to 59.2 GPa were done at the Hard X-ray Micro-Analysis (HXMA) 06ID-1 Beamline. X-rays were generated by a 63-pole superconducting wiggler. The wavelength was set to 0.50918 Å (24.350 keV) using a Si (111) double crystal monochromator. The x-ray beam was collimated down to 30 μm. More details regarding the experimental setup and method can be found in the literature. 21 X-ray exposure time was between 20 and 30 min. Integration of the diffraction images was done with FIT2D 22 and lattice parameter determination of the low pressure crystal structure was completed in program XRDA. 23 A Le Bail refinement of the ambient x-ray diffraction pattern of CTA, recorded at room conditions, was achieved in FullProf. 24 Lattice parameters at each pressure were estimated to ±0.001 Å giving uncertainties for the unit cell volume of ±0.2 Å 3 .
D. Micro-Raman spectroscopy
Raman-active vibrational mode frequencies of CTA were studied up to 63.2 GPa. A frequency-doubled Nd:YAG laser (Spectra Physics Centennia TD5 laser, 532 nm) was focused down to ∼10 μm using a 50X SL Mitutoyo objective to induce Raman scattering. A maximum power of 20 mW was used to illuminate the sample. The Stokes Raman signal, conditioned by a Raman edge filter (Iridian Spectral Technologies), was detected in a back-scattering geometry with a 0.3 m spectrograph equipped with a Peltier-cooled charge-coupled device (Andor Technologies). The spectral resolution of this apparatus was 2.3 cm −1 .
E. Mid-infrared spectroscopy
Mid-infrared spectroscopy experiments were carried out at the CLS Mid-IR 01B1-1 Beamline. This beamline is equipped with a Bruker Vertex 70v/S FTIR spectrometer with a Hyperion 3000 microscope which allowed for the study of infrared-active vibrational modes of CTA up to 40.5 GPa in the range of 700-6000 cm −1 . Infrared transmission spectra, with a resolution of 2 cm −1 , were acquired by the averaging of 512-1024 scans. At each pressure, a reference transmission spectrum was recorded through the compressed KBr and used to calculate the absorbance of the sample. The difference in index of refraction at the interfaces (sample-diamond and sample-KBr) was not taken into account when determining the sample absolute absorbance.
F. Laser heating
Laser heating of compressed CTA was performed using a near-infrared (1070 nm) fiber laser (SPI Lasers). The laser beam was focused down to ∼10 μm onto the sample in the DAC. While heating, the temperature was estimated using a blackbody analysis on the incandescent light produced by the CTA samples. Two compressed CTA samples, at 37.2 GPa and 42.0 GPa, were laser heated at temperatures of approximately 1100 ± 100 K and 1500 ± 100 K, respectively. One sample was loaded with neon as a pressure transmitting medium and the other with nitrogen. After heating, both samples were characterized by micro-Raman spectroscopy.
III. RESULTS AND DISCUSSION
A. High pressure x-ray diffraction X-ray diffraction of polycrystalline CTA under ambient conditions was carried out. A comparison of the experimental and the Le Bail refined x-ray diffraction pattern is shown in Fig. 2 . The full pattern refinement yielded lattice parameter values close to those published in the literature 15 (Table I ). Fig. 3 shows selected x-ray diffraction patterns of CTA loaded without a pressure transmitting medium and compressed up to 59.2 GPa. The variation of d-spacings as a function of pressure is displayed in Fig. 4 . d-spacings are found to shift smoothly and continuously with pressure up to 29.8 GPa. FIG. 2 . Le Bail refinement of CTA x-ray diffraction pattern at ambient conditions. Lattice parameters for the hexagonal unit cell (P3) are given in Table  I . The agreement between the experimental pattern (black line) and the calculated one (open red circles) is excellent, as confirmed by the small difference between the two patterns (blue line).
However, the diffraction line intensity decreases whereas the linewidth increases rapidly as a function of pressure.
A comparison of x-ray diffraction patterns between CTA samples loaded in neon and those loaded without any pressure transmitting medium, both compressed at similar pressures, is shown in Fig. 5 . The polycrystalline samples differ in their preferred orientation, as deduced from the relative intensity ratio between the x-ray diffraction lines. Nevertheless, both exhibit a similar behaviour under compression, i.e., a decrease in the intensity and an increase in the width of the diffraction lines. A good example is the x-ray diffraction line at 2θ ∼ 10.7
• at 3.4 GPa. Considering neon is nearly hydrostatic up to 16 GPa, 25 non-hydrostatic conditions can be ruled out as the main culprit for the rapid change in intensity and width of the diffraction lines. Aside from sample thinning due to compression, the two possible explanations for the observations are either a progressive amorphization or a decomposition of the sample due to compression and/or x-ray exposure. As confirmed by micro-Raman and infrared spectroscopy, the more plausible cause of loss in intensity is the photo-induced progressive amorphization of CTA. This has been observed in other carbon-nitride molecular crystals. 5, [8] [9] [10] 26 Due to amorphization and sample thinning at increasing pressures, many of the x-ray diffraction lines could not be differentiated from the background. Nonetheless, at least nine x-ray diffraction lines were used to determine the lattice parameters and the volume of the unit cell of CTA low pressure points. Fig. 6 shows the change of lattice parameters and volume of the unit cell as a function of pressure, for 8 and pentaerythritol tetranitrate (PETN) has B 0 = 12.9 GPa and B 0 = 8.2. 27 We conclude that CTA is very compressible (close to 40% drop in unit cell volume from 0 to 29.8 GPa) and stiffens as expected under pressure.
Between 29.8 and 33.4 GPa, a phase transition occurs in CTA. The transition is characterized by the disappearance of three diffraction lines, positioned at 2θ ∼ 7.75
• , 11.75
• , and 13.35
• (Fig. 3) , and an important shift in d-spacing (Fig. 4) . The x-ray diffraction lines of this new high pressure phase are low in intensity and broad. This can be explained by the partial conversion of the sample to an amorphous structure. Given the weak and broad x-ray diffraction lines emerging above 30 GPa, a definite structure could not be obtained for the high pressure phase of CTA.
B. High pressure micro-Raman spectroscopy
CTA, a large molecular crystal of space group P3 with atoms only on the 6g Wyckoff site, has 90 permitted vibrational modes. Of these, 26 are due to intramolecular motions. The vibrational modes and their corresponding molecular motion assignment are shown in Table II . In the present study, 19 of the 23 Raman-active vibrational modes identified by Shearer et al. 28 were experimentally observed at ambient conditions. The Raman spectrum recorded at room conditions can be found in the supplementary material. 29 It should be emphasized that all unobserved modes are expected to be weak. Two previously unidentified Raman modes were found in this study at low frequencies (238 and 470 cm −1 ); they likely correspond to crystal lattice modes. The value of the Raman mode frequencies above 2100 cm −1 do not perfectly match with those found in Ref. 28 . This does not come as a surprise as these Raman lines are low in intensity and broad, hence poorly resolved.
A CTA sample in Ne was characterized by micro-Raman spectroscopy up to 63.2 GPa, with 30 s to 120 s long acquisitions. Raman spectra as a function of pressure are shown in Fig. 7 . Fig. 8 reveals the smooth and continuous progression of the Raman shifts as a function of pressure, up to 35.1 GPa. Vibrational frequencies of CTA above 1900 cm −1 , already of low intensity to begin with, were quickly overwhelmed by the broad second order Raman scattering arising from the stressed diamond anvils. As it is common for molecular crystals, crystal lattice vibration frequencies (with low mode frequencies) pressure-shift more significantly than those for intramolecular vibrations (with higher mode frequencies). at ∼700 and 1630 cm −1 appear at 9.2 GPa and are present up to 63.2 GPa. The intensity of these Raman bands continually increases with increasing pressure while the intensity of the Raman lines of CTA in the low pressure phase drops. They are characteristic of an amorphous two-dimensional C=N network. 9, [30] [31] [32] As illustrated by Raman spectra at selected pressures, shown in Fig. 9 , the loss in Raman signal associated with crystalline CTA is correlated to the laser light exposure time of the sample, used to record the Raman scattering. We compared the effect of a 30 s acquisition versus a 1 s acquisition, using ∼20 mW of laser power on the sample. Both sets of acquisitions were taken from the same CTA single crystal, but at different locations. It is obvious from the increasingly strong signal from the broad Raman bands that longer laser exposure times induce amorphization in the sample, even with low laser light power. As pressure rises, lower laser light power and shorter exposure durations are sufficient to promote the conversion to the amorphous C=N network. Spectra obtained with a 1 s exposure, at 14.2 and 18.2 GPa, still show a faint band centered at ∼1630 cm −1 , corresponding to the amorphous C=N. As corroborated by infrared spectroscopy experiments, energetic radiation, even for very short exposure time, seems to be the cause for partial sample conversion. This conversion is responsible for the large intensity drops observed in both x-ray diffraction patterns and Raman spectra before the phase transition. Beyond the phase transition, in the high pressure phase, at radiation intensities sufficient to obtain a reasonable spectroscopic or diffraction signal, visible (532 and 488 nm) laser irradiations and exposure to x-rays induce strong conversion in the sample.
Decompression studies from 18.2 GPa down to ambient pressure show the sample reverting to its initial state; the Raman lines corresponding to the amorphous C=N network dis- appeared and the Raman signal from crystalline CTA regained intensity (see the supplementary material 29 ). The reversible nature of the Raman spectrum confirmed that no decomposition took place in the sample, at least up to 18.2 GPa.
In agreement with x-ray diffraction experiments, a phase transition is observed between 26.4 and 35.1 GPa in CTA by micro-Raman spectroscopy. The appearance of three broad, very low intensity Raman bands at 914, 1015, and 1213 cm −1 characterize the high pressure phase. As indicated in Fig. 8 , the three bands increase in Raman frequency as a function of pressure, and persist up to 63.2 GPa, the highest pressure FIG. 9 . Raman spectra of a CTA single crystal loaded in neon. In both panels, red lines correspond to an area on the sample where a 30 s acquisition was recorded. Black lines are spectra for which a 1 s acquisition was obtained, on the same sample but at a different area. The sample was illuminated with the same laser power for each spectrum. Note the Raman band centered at about 1350 cm −1 arises from the stressed diamond anvil.
reached in this study. The amorphous C=N network is still present after the phase transition, such that the Raman signal originating from dense CTA remains weak. It is also interesting to note that the low frequency Raman line associated with vibration of the amorphous C=N network decreases in frequency, although very weakly, with pressure, whereas the line at high frequency increases more substantially, especially for pressures beyond that at which the phase transition occurs.
C. High temperature and high pressure micro-Raman spectroscopy
In order to overcome a possible energy barrier impeding a transition to an energetically favourable polymeric singlebonded carbon nitride, two CTA samples were laser heated while compressed at pressures above 30 GPa. Fig. 10(a) shows the Raman spectra of a CTA single crystal loaded with neon, before and after laser heating at 37.7 GPa. Initially, the sample shows the three high-pressure Raman bands of CTA typical for the high pressure phase as well as the two Raman bands correlated with the C=N amorphous network. After heating to approximately 1100 K, the pressure dropped to 22.8 GPa and the sample darkened from its original light orange color. The laser heated sample was retrieved at room conditions and the Raman spectrum of crystalline CTA was not observed, indicating a thermally induced decomposition of the sample. The broad Raman bands attributed to the amorphous carbon nitride component 33 were present. An experiment reported in the literature 9 had successfully produced a single-bonded carbon nitride network by laser heating a compressed carbon nitride sample, using N 2 as a pressure transmitting medium. With the same goal in mind, a CTA sample was loaded with N 2 and pressurized to 42.0 GPa. At this pressure, the Raman spectrum ( Fig. 10(b) ) showed vibrational modes of the high pressure phase of CTA, the amorphous C=N network and the ε-phase of nitrogen. 34, 35 After heating to a temperature of approximately 1500 K, the pressure decreased to 32.1 GPa in the sample chamber. As observed from the inset photomicrograph of Fig. 10(b) , the heated area of the sample became clear. A Raman spectrum (red trace in Fig. 10(b) ) revealed the clear area to be pure nitrogen, still in the high pressure ε-phase, whereas the Raman spectrum (blue trace in Fig. 10(b) ) obtained from the dark region showed mostly the persistence of the Raman modes of CTA in its high pressure phase. Further heating the dark areas of the sample compressed at 32.1 GPa to 1500 K eventually lead to a complete decomposition of the sample; at that point, no traces of carbon-nitride vibrational modes were found by Raman spectroscopy, even from the sample recovered at ambient pressure. Instead, the recovered sample showed only a broad Raman band associated with the graphitic G-band doublet. 33 We conclude that CTA (with N 2 as a pressure transmitting medium) compressed to its high pressure phase and then heated over an estimated temperature of 1500 K decomposes to yield pure solid nitrogen and graphitic carbon. This complete decomposition of CTA, whereas CTA with Ne decomposed to mostly C=N, is attributed to the different heating temperatures. D. High pressure infrared spectroscopy
Compression study
In order to obtain complementary spectroscopic information regarding the vibrational modes of CTA at elevated pressure and to try to avoid a sample degradation consequent to laser light illumination, high pressure infrared spectroscopy of polycrystalline CTA was performed up to 40.5 GPa (Fig. 11) . From an infrared transmission spectrum recorded at ambient conditions (see the supplementary material 29 ), 52 infrared vibrational bands were observed and identified. FIG. 11 . Infrared absorbance spectra of CTA recorded at selected pressures. The intensity of the infrared vibrational bands increases as a function of pressure up to 27.6 GPa, indicating that infrared radiation does not induce a degradation of CTA. Arrows indicate the emergence of additional infrared bands at the phase transition. Black and blue spectra represent the low pressure and high pressure phase of CTA, respectively. All spectra are plotted on the same absorbance scale and shifted vertically for clarity. (Inset) Photomicrograph of CTA in compressed KBr at 16.4 GPa, inside a DAC. The reference spectra (dotted circle) and the sample spectra (complete circle) were acquired on KBr and CTA, respectively. The ruby microsphere, used for pressure measurement, is located in the bottom left corner of the cavity. For a better contrast between KBr and CTA, a monochrome conversion was applied to the coloured photomicrograph.
It is worth noting that earlier studies identified 18 infrared bands. 28, 36 All vibrational bands previously reported were detected from the samples studied in the present work (Table II) . Additional vibrational bands observed are listed in the supplementary material. 29 The progression of the mode frequencies as a function of pressure is plotted in Fig. 12 , respectively. Many of the infrared vibrational bands recorded before the phase transition are still present in the high pressure phase. This strongly suggests that the phase transition leads to a dense crystalline structure that bears resemblance to that of the initial, low pressure phase. Based on ab initio simulations, 14 the predicted tri-tetrazole molecular unit is similar to the CTA molecule, the difference residing in the closing of the three azide arms. Infrared-active vibrational modes corresponding to the azide arms are found at 325, 634, 666, 1194, and 2150 cm −1 under ambient conditions. Due to experimental restrictions, the infrared spectra collected here begin at 700 cm −1 , which leaves only two of the five N 3 -related vibrational modes detectable. The vibrational band recorded at 2150 cm −1 is found to lose its initial intensity with pressure and is no longer differentiable from the background at 2.6 GPa. The band corresponding to the N 3 symmetric stretching mode (1194 cm −1 ), however, could be followed up to the phase transition pressure, at which point it disappears. Since most infrared bands related to the tetrazole vibrational modes persist through the high pressure phase while the band corresponding to the N 3 modes does not, the formation of tri-tetrazole units in the high-pressure phase is deemed to be a strong possibility.
Decompression study
The CTA sample compressed to 40.5 GPa was then studied by infrared spectroscopy as pressure was decreased down FIG. 13 . Selected infrared absorbance spectra of CTA recorded during decompression. Showing a strong hysteresis, the high-pressure phase of CTA is stable down to 13.9 GPa. The back transition is identified by a change in the two main vibration bands (see arrows) as well as a sharp increase in spectrum overall intensity. Black and blue spectra represent the low pressure and high pressure phase of CTA. All spectra are plotted on the same absorbance scale and shifted vertically for clarity. to 2.5 GPa. Fig. 13 shows selected infrared spectra of the decompressed CTA sample. The high-pressure phase of CTA proved to have a large hysteresis, given the persistence of the high pressure features of the infrared spectra down to 13.9 GPa. The onset of the back transition is identified by the disappearance of the 1491 cm −1 high-pressure infrared band, a sharp decrease in intensity for the 1653 cm −1 vibrational band and an otherwise overall increase in spectrum intensity. The high pressure phase persists down to 5.0 GPa, the pressure at which the 1653 cm −1 vibrational band can still be observed. By reaching 2.5 GPa, that infrared band has completely vanished; it can be assumed that the highpressure phase has altogether reverted to the low-pressure phase. Residual stress in the sample explains the lack of resolution between the different vibrational bands composing the three intense and broad bands centered at ∼1202, 1340, and 1544 cm −1 .
IV. CONCLUSION
In the present study, the characterization of dense cyanuric triazide (CTA) using x-ray diffraction, micro-Raman, and infrared spectroscopy was achieved in a diamond anvil cell up to 63.2 GPa. Observed with all three techniques, a structural phase transition was determined to occur between 29.8 and 30.7 GPa. Lattice parameters and volume of the unit cell were obtained for the low pressure phase up to 29.8 GPa. A fit of the volume-pressure data points to the Birch-Murnaghan equation of state yielded values of B 0 = 15.4(2) GPa and B 0 = 5.0(1) showing the high compressibility of CTA. Due to poor crystalline quality, the structure of the high-pressure phase of CTA could not be reliably determined. Micro-Raman spectroscopy confirmed the partial conversion of CTA to an amorphous two dimensional C=N network, due to the increasingly high photosensitivity of CTA as a function of pressure. Based on this, a small energy barrier between the amorphous C=N network and crystalline states can be assumed. Three new Raman bands, broad and low intensity, appeared at 35.1 GPa, confirming the phase transition observed by x-ray diffraction. High pressure laserheating of CTA resulted in the decomposition of the sample. Infrared spectroscopy, utilizing low radiation energy, did not cause a degradation of CTA. Consequently, a large number of infrared-active vibrational bands were followed with increasing pressure up to and beyond the phase transition. Whereas most infrared bands associated with the tetrazole ring vibrational modes persisted through the high pressure transition, the band related to the N 3 symmetric stretching mode, the only azide infrared-active mode detectable at high pressure, disappeared. This observation leads us to the conclusion that a solid comprising tri-tetrazole units is the best candidate to represent the high density phase of CTA. Infrared spectroscopy decompression studies showed the stability of the high pressure phase down to 13.9 GPa. Finally, CTA vibrational modes were retrieved at ambient conditions, demonstrating of the reversibility of the high pressure transition.
